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Quorum sensing is a cell-cell communication process
that bacteria use to transition between individual
and social lifestyles. In vibrios, homologous small
RNAs called the Qrr sRNAs function at the center of
quorum-sensing pathways. The Qrr sRNAs regulate
multiple mRNA targets including those encoding the
quorum-sensing regulatory components luxR, luxO,
luxM, and aphA. We show that a representative
Qrr, Qrr3, uses four distinct mechanisms to con-
trol its particular targets: the Qrr3 sRNA represses
luxR through catalytic degradation, represses luxM
throughcoupleddegradation, represses luxO through
sequestration, and activates aphA by revealing
the ribosome binding site while the sRNA itself is
degraded. Qrr3 forms different base-pairing interac-
tions with each mRNA target, and the particular pair-
ing strategy determines which regulatory mechanism
occurs.Combinedmathematicalmodelingandexper-
iments show that the specific Qrr regulatory mecha-
nism employed governs the potency, dynamics,
and competition of target mRNA regulation, which in
turn, defines the overall quorum-sensing response.
INTRODUCTION
Small regulatory RNAs (sRNAs) act as core regulators in many
bacterial signal transduction cascades (Waters and Storz,
2009). Bacterial sRNAs function by several mechanisms. Here,
we focus on trans-encoded Hfq-binding sRNAs. This class of
sRNAs can act positively or negatively, and noncontiguous
base-pairing with mRNA targets is employed. In the case of
negative regulation, trans-encoded sRNAs base pair near the
ribosome binding site of the mRNA target, leading to ribosome
occlusion (Altuvia et al., 1998; Kawamoto et al., 2006; Møller
et al., 2002; Udekwu et al., 2005). In most cases, occlusion is
associated with RNase E recruitment and degradation of the228 Cell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc.mRNA (Masse´ et al., 2003; Pre´vost et al., 2011). In the case of
positive regulation, trans-encoded sRNAs perform anti-anti-
sense base-pairing with the mRNA target (Fro¨hlich and Vogel,
2009; Majdalani et al., 1998). Binding reveals the ribosome bind-
ing site and promotes stabilization of the mRNA target and, in
turn, gene expression (McCullen et al., 2010). The RNA chap-
erone Hfq mediates the interactions between trans-encoded
sRNAs and their mRNA targets and protects the sRNAs from
RNase E-mediated degradation (Vogel and Luisi, 2011; Kawa-
moto et al., 2006). Hfq is thought to be limiting, leading to
competition between different sRNA-mRNA pairs for its chap-
erone function (Fender et al., 2010; Hussein and Lim, 2011;
Moon and Gottesman, 2011).
The implications of trans-encoded sRNA regulation at the sys-
tems level depend on the fate of the sRNA. First, sRNAs can un-
dergo coupled degradation in which both the sRNA and the
mRNA target are degraded following base-pairing. The RyhB
sRNA exemplifies this mode of regulation (Masse´ et al., 2003).
Second, sRNAs can act catalytically, in which the target mRNA
is degraded but the sRNA is not. Thus, the sRNA is available to
be recycled. One such example is the MicM (ChiX) sRNA, which
acts catalytically on the mRNA target ybfM (chiP) (Overgaard
et al., 2009). Third, sRNAs can also act by sequestering their tar-
gets. An example of this type of regulation occurs between the
sRNA Spot42 and its mRNA target galK. In this case, Spot42
specifically blocks the ribosome binding site of galK, but no
mRNA degradation occurs (Møller et al., 2002). Finally, the fates
of sRNAs that act as activators have not beenwell characterized.
In theory, activating sRNAs can be degraded, recycled, or
sequestered.
The quorum regulatory RNAs (Qrr) sRNAs are Hfq-dependent
trans-encoded sRNAs that control vibrio quorum sensing (Lenz
et al., 2004). Quorum sensing is a cell-cell communication pro-
cess that bacteria use tomonitor changes in cell-population den-
sity and control collective behaviors such as biofilm formation
and virulence factor production. Quorum sensing involves
production, detection, and population-wide response to extra-
cellular signal molecules called autoinducers (Rutherford and
Bassler, 2012). In vibrio quorum-sensing circuits, several nearly
identical Qrr sRNAs control multiple target mRNAs, and the Qrr
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Figure 1. Schematic for How a V. harveyiQuorum-Sensing Qrr sRNA
Uses Four Regulatory Mechanisms to Control Target mRNAs
At low cell density, the three quorum-sensing receptors LuxN, LuxPQ, and
CqsS transfer phosphate through LuxU (not shown) to LuxO. Phosphorylated
LuxO activates transcription of genes encoding five sRNAs called Qrr1–Qrr5.
Using Qrr3 as the representative quorum-sensing regulatory sRNA, we show
that theQrr sRNA catalytically represses the high-cell-densitymaster regulator
luxR. The Qrr sRNA represses luxO through sequestration. The Qrr sRNA re-
presses the luxMN operon through coupled degradation (luxM encodes the
synthase that produces the ligand for LuxN). The Qrr sRNA also activates
translation of the low-cell-densitymaster regulator aphA; base-pairing with the
aphA mRNA leads to Qrr degradation.sRNAs act as both positive and negative regulators. These fea-
tures enable us to exploit this set of sRNAs and their particular
mRNA targets to dissect pairing regimes, target preferences,
and modes of regulation. The Qrr sRNAs positively control the
production of the low-cell-density master regulator AphA and
they repress the production of the high-cell-density master regu-
lator LuxR (Rutherford et al., 2011; Tu andBassler, 2007). TheQrr
sRNAs feed back to repress the genes encoding one of the
quorum-sensing synthase-receptor pairs, LuxMN, and the
gene encoding the transcription factor LuxO (Teng et al., 2011;
Tu et al., 2010). The Qrr sRNAs also posttranscriptionally regu-
late sixteen genes outside of the quorum-sensing circuit (Shao
et al., 2013).
In the present study, we show that a representative Qrr sRNA,
Qrr3, uses four distinct mechanisms to regulate four different
target mRNAs. The Qrr3 sRNA undergoes coupled degradation
when it pairs with luxM mRNA, it uses sequestration to control
luxOmRNA, it catalytically represses luxRmRNA, and it activates
aphA mRNA expression while the Qrr3 sRNA itself is degraded.
The mRNA targets that reduce Qrr sRNA stability (luxM and
aphA) do so by remodeling the 50-most stem-loop of the Qrr
sRNA.mRNA targets that sequester theQrr sRNA (luxO) presum-
ably do so via tight binding to the Qrr sRNA. Indeed, we demon-
strate that a particular regulatory mechanism can be converted
into adifferent onebyaltering thebase-pairing positionor binding
strength. The different sRNA-target mRNA interaction mecha-
nisms result in distinct regulatory strength and dynamical behav-
iors of the mRNA targets in vivo. Furthermore, the particular
regulatory mechanism used for mRNA target regulation is critical
for properly timed quorum-sensing responses.RESULTS
The Qrr3 sRNA Uses Distinct Mechanisms to Regulate
Different mRNA Targets
There are 20 known targets of the Vibrio harveyiQrr sRNAs (Shao
et al., 2013), four of which, luxM, luxO, luxR, and aphA, are mem-
bers of the quorum-sensing regulatory circuit and are the focus
of this work (Figure 1). Little is known about how the five Qrr
sRNAs choose among their mRNA targets in vivo. To investigate
Qrr target preferences, we developed a competition assay
in Escherichia coli. We constructed a dual reporter system
on a single plasmid that encodes (1) an isopropyl b-D-1-
thiogalactopyranoside (IPTG)-inducible 50UTR-GFP fusion to a
Qrr-repressed mRNA target (the Qrr ‘‘target’’ in all assays), and
(2) an arabinose inducible 50UTR-mCherry fusion to a different
Qrr-controlled mRNA target (the Qrr ‘‘competitor’’). We trans-
formed this dual reporter plasmid along with a second plasmid
encoding anhydrotetracycline-inducible Qrr3 into E. coli (Fig-
ure S1A available online; Tables S1, S2, and S3). The five Qrr
sRNAs are similar in sequence and secondary structure and
they share most of the target mRNAs (Shao et al., 2013; Tu and
Bassler, 2007). We arbitrarily chose Qrr3 to use in these assays.
To monitor Qrr preference, we first measured GFP fluores-
cence from the target mRNA in the absence of both Qrr3 and
competitor mRNA to determine the basal expression level of
the mRNA target. Next, we measured target GFP fluorescence
when Qrr3 was induced to determine the level of target mRNA
repression by Qrr3. Finally, we measured GFP fluorescence
from the target mRNA when Qrr3 was induced and, additionally,
the competitor mRNA was induced to different levels. This third
measurement allowed us to assess the ability of different
competitor mRNAs to compete with the target mRNA for regula-
tion by Qrr3. Our expectation was that, in the case of a Qrr3
repressed target mRNA, if competition occurred, the target
mRNA-GFP fluorescence should increase when we induced
expression of the competitor mRNA because the amount of
Qrr3 available to regulate the target mRNA would decrease. By
contrast, if the target mRNA-GFP level did not change when
we induced expression of the competitor mRNA, we would infer
that the competitor mRNA did not compete with the target
mRNA for regulation by Qrr3.
Our dual reporter system allowed us to simultaneously mea-
sure mCherry production from the competitor mRNA. A change
in mCherry level following induction of Qrr3 was useful to verify
that the competitor was indeed being regulated by Qrr3. We
also determined the expression level and the half-life of Qrr3
in the absence and presence of the mRNA targets. Likewise,
we measured the expression level of the target mRNAs in the
absence and presence of Qrr3. These final measurements
allowed us to discover the fates of Qrr3 and the target mRNA,
and thus the mechanism used by Qrr3 to control each target—
catalytic, coupled degradation, sequestration, or mRNA activa-
tion with concomitant sRNA degradation.
Using this strategy, we first investigated whether luxM mRNA
competes with luxR mRNA for regulation by Qrr3. As a control,
weshowthat, in theabsenceofQrr3, increasing the luxM-mCherry
production does not significantly alter LuxR-GFP production
(Figure 2A, open circles). When Qrr3 is present, LuxR-GFP isCell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc. 229
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Figure 2. mRNAs Have Different Abilities to Compete for Qrr sRNA Regulation
(A, E, I, and M) Competition between different Qrr sRNA target mRNAs. Fluorescence from a plasmid-borne luxR-gfp (A, E, and M) or luxO-gfp (I) translational
fusion wasmeasured in E. coli. Experiments were performed in the absence of Qrr3 (open circles) and in the presence of Qrr3 (filled circles). Arabinose was added
to drive production of the competitor mRNA luxM-mCherry (A), luxO-mCherry (E), luxR-mCherry* (I), and aphA-mCherry (M). Means and SEM for triplicate cultures
are shown.
(B, F, J, and N) Quantification of the fractional expression of LuxR-GFP (B, F, and N) or LuxO-GFP (J) from (A), (E), (M), and (I), respectively. GFP fluorescence in the
presence of Qrr3 was normalized to that in its absence. Means and SEM for triplicate cultures are shown.
(C, G, K, and O) Half-life of Qrr3 in the presence of luxM-mCherry (C), luxO-mCherry (G), luxR-mCherry (K), and aphA-mCherry (O).
(D, H, L, and P) Northern blots of luxM-gfp (D), luxO-gfp (H), luxR-gfp (L), and aphA-gfp (P) translational fusions in the absence () and presence (+) of Qrr3. For all
Northern blots, results are representative of two independent experiments and 5S rRNA was used as the loading control.
See also Figures S1, S2, and S3.repressed 2.5-fold in the absence of luxM-mCherry (Figures
2A, filled circles, and 2B; no arabinose). Inducing luxM-mCherry
expression causes an increase in LuxR-GFP (Figures 2A, filled cir-
cles, and 2B). This result shows that luxM mRNA successfully
competes with luxR mRNA for regulation by Qrr3. We confirmed
that in the absence of Qrr3, increasing the arabinose inducer
results in increasing production of luxM-mCherry (Figure S1B,
open circles). At low arabinose concentration and thus low
luxM-mCherry levels, LuxM-mCherry is repressed 2.5-fold in the
presence of Qrr3 (Figure S1C). By contrast, at high arabinose,230 Cell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc.and thus high luxM-mCherry levels, neither LuxM-mCherry nor
LuxR-GFP is repressed by Qrr3 (Figures 2B and S1C). Presum-
ably, under the latter condition,Qrr3 is saturatedby thecompetitor
mRNA or degraded. In analogous experiments, wemeasured the
ability of luxM-mCherry to compete with luxO-gfp and with luxM-
gfp for regulationbyQrr3 andobtainedsimilar results (FiguresS2A
andS2B). Thus, luxMmRNAcan successfully compete for regula-
tion by Qrr3 against luxM (itself), luxO, and luxRmRNA.
To assess what becomes of Qrr3 when regulating the luxM-
mCherry target mRNA, we measured Qrr3 levels in the absence
and presence of luxM-mCherry mRNA. When no luxM-mCherry
mRNA is present, Qrr3 appears as one band on a Northern blot
(Figure S3A, left lane). In the presence of luxM-mCherry mRNA,
two Qrr3 bands appear, suggesting that Qrr3 is processed (Fig-
ure S3A, right lane). In the absence of any mRNA target, the
Qrr3 half-life is over 32 min (Figure S3B). In the presence of
luxM-mCherry mRNA, the half-lives of both Qrr3 RNA bands
decrease, with the processed Qrr3 product exhibiting the most
dramatic decline (to t1/2 <8 min, Figure 2C). Together, these
data explain how luxM mRNA competes with luxR mRNA for
regulation by Qrr3: the presence of luxM mRNA causes Qrr3
degradation, decreasing the amount of Qrr3 available to regulate
luxRmRNA.We also examinedwhat becomes of the luxMmRNA
during regulation by Qrr3. We used gfp fusions tomeasure target
mRNA levels. Both the luxM-gfpmRNA (Figure 2D) and theLuxM-
GFP protein (Figure S1D) decreased in the presence of Qrr3,
indicating that luxM mRNA is degraded during regulation. We
therefore conclude that Qrr3 regulates luxM mRNA through a
coupled degradation mechanism: when base-paired, both the
luxMmRNA target and theQrr3 sRNAare subject to degradation.
We next investigated whether luxO mRNA can compete with
other mRNA targets for Qrr3 regulation. We again used luxR-
gfp mRNA as the ‘‘target’’ for which we show data, but we
note that the results are the same when luxM-gfp or luxO-gfp
mRNAs act as the ‘‘target’’ (data not shown). Figures 2E, 2F,
S1E, and S1F show that luxO mRNA can indeed compete with
luxR mRNA for Qrr3 regulation, similar to what we found above
when luxM-mCherry acts as the competitor. However, unlike
when luxM-mCherry was the competitor, the level and half-life
of Qrr3 are identical in the absence and presence of luxO-
mCherry competitor mRNA (Figures 2G, S3B, and S3C) and no
processed Qrr3 RNA band was detected (Figures 2G and
S3C). Furthermore, the presence of Qrr3 does not alter luxO-
gfp mRNA levels (Figure 2H), however, LuxO-GFP protein
production is repressed 15-fold in the presence of Qrr3
(Figure S1G). Based on these data, we propose that Qrr3 and
luxO mRNA sequester one another when base-paired.
We likewise tested whether luxR mRNA could act as a
competitor. Induction of high luxR-mCherry caused significant
reductions in target-GFP levels even in the absence of Qrr3
suggesting that high levels of the LuxR-mCherry protein are
toxic. To circumvent this problem, we introduced a stop codon
in mCherry to abolish mCherry protein production. We call this
construct luxR-mCherry*. When the luxR-mCherry* mRNA is
the competitor, it does not affect Qrr regulation of luxO-gfp (Fig-
ures 2I and 2J) or luxR-gfp (Figures S2C and S2D). Importantly,
Figures S1H and S1I show that the luxR-mCherry* construct is
induced by arabinose and is fully repressed by Qrr3. Thus,
even though luxR-mCherry* is capable of interacting with Qrr3,
it cannot compete with luxO-gfp mRNA or luxR-gfp mRNA for
Qrr-regulation. To eliminate the possibility that this lack of
competition is due to the mCherry* mutation, we inserted the
same stop codon into the luxM-mCherry construct. We call this
luxM-mCherry*. luxM-mCherry* mRNA remains fully capable of
competing for Qrr regulation against luxO-gfp mRNA (Figures
S2E and S2F) and luxR-gfp mRNA (Figures S2G and S2H). As
controls, we show that the luxR-mCherry* mRNA is expressed
at levels comparable to the luxM-mCherry, luxO-mCherry andluxM-mCherry* mRNAs (Figure S2I). Thus, we conclude that
luxR mRNA does not compete with other mRNA targets for Qrr
regulation. Figures 2K and S3D show that luxR mRNA does not
affect Qrr stability because both the Qrr3 level and its half-life
are identical in the absence and presence of luxR-mCherry
mRNA (or luxR-mCherry* mRNA; data not shown). By contrast,
the level of luxR-gfp mRNA decreased in the presence of Qrr3
(Figure 2L), and Qrr3 repressed LuxR-GFP protein production
(Figure S1J). These data indicate that Qrr3 causes degradation
of luxR mRNA. However, the Qrr itself is not degraded and is
thus available to regulate other targets. Therefore, we propose
that Qrr3 acts catalytically on luxR mRNA.
Finally, the Qrr sRNAs posttranscriptionally activate AphA pro-
duction by base-pairing to aphA mRNA (Rutherford et al., 2011;
Shao and Bassler, 2012). To test if an activated target can
compete for Qrr regulation, we performed our competition assay
using luxR-gfp as the target mRNA and aphA-mCherry as the
competitor mRNA. The endogenous expression level of aphA-
mCherrymRNA is much lower than other competitor mRNA tar-
gets (data not shown). We therefore introduced an additional
plasmid carrying the identical arabinose inducible aphA-mCherry
construct into E. coli to boost aphA-mCherry mRNA levels. Fig-
ures 2M and 2N show that aphA can compete for regulation by
Qrr3. Specifically, Qrr repression of LuxR-GFP decreased from
7-fold to 2-fold (Figure 2N). AphA-mCherry was activated by
Qrr3, indicating that aphA is regulated byQrr3 during the compe-
tition (Figures S1K and S1L). Qrr3 levels declined and the Qrr3
stability dramatically decreased when aphA-mCherry mRNA
was present (Figures 2O, S3E, and S3F). Notably, Qrr3 levels
reached a plateau after 4 min. We suspect that during the first
4 min there exists aphA-mCherry, which fosters Qrr3 degrada-
tion. However, after 4min, there is likely little or no aphA-mCherry
mRNA remaining to promote Qrr3 degradation. Thus, the Qrr3
level remains stable from that point onward. We also measured
what becomes of the aphA-gfpmRNA in the absence and pres-
ence ofQrr3. AlthoughAphA-GFPprotein production is activated
2.5-fold by Qrr3 (Figure S1M), the full-length aphA-gfp mRNA
decreased2.5-fold in the presence of Qrr3 (Figure 2P).We sug-
gest that when Qrr3 pairs with the aphAmRNA, aphA translation
is activatedwhileQrr3 is destabilized. The fate of the aphAmRNA
is unclear and is under investigation.
Together, the above experiments demonstrate that Qrr3 uses
four different mechanisms to regulate its mRNA targets: Qrr3 re-
presses luxM mRNA through coupled degradation, luxR mRNA
through catalytic degradation, luxO mRNA through sequestra-
tion, and Qrr3 activates aphA mRNA translation while the Qrr is
itself degraded (Figure 1).
mRNA Pairing to Particular sRNA Stem-Loops Dictates
the Qrr sRNA Half-Life
We considered what features of the Qrr-mRNA pairs dictate the
Qrr fate. luxM base pairs with the first and second stem-loops
(SL1+SL2) of the Qrr, aphA base pairs with SL1, and luxR and
luxO base pair with SL2 (Figures 3A1–3A5) (Rutherford et al.,
2011; Shao and Bassler, 2012; Teng et al., 2011; Tu and Bass-
ler, 2007; Tu et al., 2010). 50 stem-loops commonly protect
mRNAs from RppH- and RNase E-mediated degradation
(Belasco, 2010). We have previously shown that this sameCell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc. 231
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Figure 3. Base-Pairing to the 50 Stem-Loop of Qrr3 Leads to Qrr Degradation
(A) Predicted secondary structure of Qrr3 and base-pairing patterns with the target mRNAs. The four predicted stem-loops of Qrr3 are labeled SL1, SL2, SL3, and
SL4.Melted loops are shownwith overlines. Base-pairing patterns and energies for Qrr3 and target mRNAswere predicted by RNAhybrid (http://bibiserv.techfak.
uni-bielefeld.de/rnahybrid/). Nucleotides involved in base-pairing are labeled red. Nucleotides mutated to make the miniRNAs (see Extended Experimental
Procedures) are shown with underlines. Translational start sites are denoted +1.
(B) Competition for Qrr3 regulation between the luxR miniRNA (black bars) or the luxR SL2 to SL1,2 miniRNA (white bars) and luxR-gfp.
(C) Northern blot showing Qrr3 levels in the absence () and presence (+) of the luxR miniRNA or the luxR SL2 to SL1,2 miniRNA.
(D) Competition between the luxM miniRNA (black bars) or the luxM SL1,2 to SL2 miniRNA (white bars) for Qrr3 regulation of luxR-gfp.
(E) Northern blot showing Qrr3 levels in the absence () and presence (+) of the luxMminiRNA or the luxM SL1,2 to SL2 miniRNA. For (B) and (D), means and SEM for
triplicate cultures are shown. Normalization as in Figure 2. For (C) and (E), results are representative of two independent experiments.
See also Figures S3 and S4.
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AB
Figure 4. The Binding Strength of the Qrr sRNA-Target mRNA Pair
Determines Sequestration versus Catalytic Degradation
(A) Base-pairing between Qrr3 and luxRbinding mRNA. Designations as in Fig-
ure 3A. Mutated nucleotides are labeled with arrows.
(B) Competition between luxRbinding-mCherry* and luxO-gfp for Qrr3 regula-
tion. luxRbinding-mCherry* was driven by the arabinose promoter. Means and
SEM for triplicate cultures are shown. Normalization as in Figure 2.mechanism is also used to protect the Qrr sRNAs from degra-
dation. Deletion of SL1 or mutations that disrupt SL1 base-pair-
ing destabilize the Qrr sRNAs, and mutations that restore SL1
base-pairing restore Qrr stability in E. coli (Shao et al., 2013)
and in vivo in V. harveyi (Figure S3G). We wondered whether
base-pairing to the target mRNA, if it leads to melting of SL1,
causes Qrr degradation. To test this possibility, we constructed
miniRNAs containing only the 50UTRs of selected mRNA targets
linked to transcription terminators. We used miniRNAs to elimi-
nate ribosome-mediated mRNA stabilization effects. Using the
above competition assay, we found that the luxR miniRNA
does not affect Qrr3 repression of luxR-gfp, which is consistent
with a catalytic regulatory mechanism (Figure 3B, black bars).
However, shifting the Qrr3-luxR base-pairing from SL2 to
SL1+SL2 (Figure 3A6) confers competition capability to the
luxR SL2 to SL1,2 miniRNA (Figure 3B, white bars). The presence
of the luxR miniRNA did not affect the level of Qrr3, however,
the presence of the luxR SL2 to SL1,2 miniRNA caused a decrease
in Qrr3 level (Figure 3C).
Wealsoconstructeda luxMminiRNAand found that it competes
with luxR-gfp for Qrr regulation identically to the full-length luxM-
mCherrymRNA fusion (Figure 3D, black bars). Qrr3was degraded
in the presence of the luxM miniRNA as shown by its decreased
expression level (Figure 3E). A construct that retains the number
of base-pairing nucleotides but moves the base-pairing region
from SL1+SL2 to SL2 eliminated the ability of the luxM SL1,2 to SL2
miniRNA to induce Qrr degradation (Figures 3A7 and 3E).Together, these data suggest that pairing to, and presumably re-
modeling of SL1 causes Qrr degradation, while pairing to SL2
does not. As controls, we show that the luxR, luxR SL2 to SL1,2,
luxM, and luxM SL1,2 to SL2 miniRNAs are expressed (Figures S4A
and S4C, respectively), regulated by Qrr3 (Figures S4B and S4D,
respectively), and the luxRSL2 to SL1,2 and luxMSL1,2 to SL2miniRNAs
behave identically to the luxR SL2 to SL1,2 and luxM SL1,2 to SL2
mRNAs, respectively (Figure S4E).
To map the processing site in the Qrr sRNA when base-paired
to luxM, we expressed steady-state levels of Qrr3, induced target
mRNA expression, and monitored the dynamics of Qrr decay.
Consistent with luxM mRNA being controlled by coupled degra-
dationand luxRmRNAbeingcontrolledbyacatalyticmechanism,
a Qrr sRNA degradation product appeared within ten minutes of
induction of luxM mRNA (Figure S3H) whereas Qrr3 was not
degraded following luxR mRNA induction (Figure S3H). Primer
extension analysis revealed that processing occurred in the Qrr
SL1 region after nucleotides C (position 5), U (position 7), and U
(position 8) (Figure S3I, red arrows), suggesting that opening the
SL1 structure makes the RNase cleavage sites accessible.
We did not observe processing of the Qrr sRNA when aphA
was expressed (Figures 2O, S3E, and S3F) presumably because
the cleavage sites are involved in base-pairing to the aphAmRNA
(Figure 3A3). This arrangement likely shields the sites from cleav-
age. We wondered whether partial opening of SL1 in a way that
does not reveal the cleavage sites is sufficient to induce Qrr
degradation. We constructed mutations (GAC to CUG at posi-
tions 2 to 4) to partially open SL1 (Figure S3J) and mimic when
aphA is base-paired.Wecall this constructQrr3mut. TheQrr3mut
sRNA is unstable (Figure S3J) compared to wild-type Qrr3 (Fig-
ure S2B) and degraded without an apparent cleavage product.
The Qrr-mRNA Base-Pairing Strength Determines
Whether an mRNA Target Will Sequester the Qrr sRNA
The luxM SL1,2 to SL2 miniRNA does not induce Qrr degradation
(Figure 3E). Yet, unlike the luxR miniRNA, the luxM SL1,2 to SL2
miniRNA is capable of competing with luxR-gfp mRNA for Qrr
regulation (Figure 3D, white bars). These data suggest that the
luxM SL1,2 to SL2 miniRNA competes for Qrr regulation by seques-
tering the Qrr sRNA. Comparison of the predicted binding
energies of luxM SL1,2 to SL2 miniRNA, luxRmRNA, and luxRmini-
RNA (the base pairing region in the luxRmRNA and the luxRmini-
RNA is identical) to Qrr3 reveals that the Qrr3-luxM SL1,2 to SL2
miniRNA duplex (32.7 kcal/mol) is more stable than the Qrr3-
luxR mRNA (or luxR miniRNA) duplex (21.1 kcal/mol) (Figures
3A7 and 3A4). We wondered whether mRNA targets that bind
strongly to SL2 of Qrr3 sequester the Qrr sRNA, whereas targets
with lower binding energy are catalytically degraded. If so, this
could explain why some targets can compete for Qrr regulation
while others cannot. To test this hypothesis, we introduced
two point mutations into the luxR-mCherry* mRNA 50UTR to in-
crease its strength of binding toQrr3 (31.9 kcal/mol) (Figure 4A).
We call this construct luxRbinding-mCherry*. Indeed, luxRbinding-
mCherry* gains the capability to compete with luxO-gfp mRNA
for Qrr regulation (Figure 4B, compare to Figure 2J). As a control,
we show that the luxRbinding-mCherry* mRNA is made at levels
comparable to that of luxR-mCherry* mRNA (Figure S2I). We
suggest that the base-pairing strength between an mRNA targetCell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc. 233
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Figure 5. Modeling the Strength and Competition Capacity of the
Different sRNA Regulatory Mechanisms
(A) The levels of translated mRNA (solid curves) and total sRNA (dashed
curves) plotted against the production rate of the sRNA, based on Equations
S1, S2, S3, S4, S5, and S6.
(B) The levels of translated mRNA1 (solid curves) and total sRNA (dashed
curves) are plotted against the production rate of the competitor mRNA2 based
on Equations S1, S2, S3, S4, S5, and S6. In (A) and (B), three different regu-
latory mechanisms are explored: catalytic degradation (red), coupled degra-
dation (blue), and sequestration (green).and the Qrr sRNA governs whether an mRNA target will
sequester the Qrr sRNA and thus compete for its regulation
against other target mRNAs.
The Different Qrr Regulatory Mechanisms Govern
Competition and Potency of Target Control
We used mathematical modeling to explore the consequences
of the distinct sRNA-mRNA interaction modes on the different
RNA species and the underlying biological process being regu-
lated. This initial modeling effort is focused on sRNA-mediated
repression because sRNA-directed activation is not yet well
characterized. Based on experimental evidence from previous234 Cell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc.studies, we assume that Hfq protein complexes are always close
to saturated by sRNAs and mRNAs (Hussein and Lim, 2011;
Moon and Gottesman, 2011), but that individual sRNA and
mRNA molecules actively cycle on and off of Hfq complexes
(Fender et al., 2010; Wagner, 2013).
We first modeled the scenario of a single species of sRNA
(e.g., a single Qrr) specifically regulating a single type of mRNA
target, in the presence of a background of noncognate sRNAs
and mRNAs (see Supplemental Information and Table S4). In
Figure 5A, we show as solid curves the copy number of mRNA
molecules available for translation, which are the free mRNA
molecules and the mRNA molecules bound to Hfq with noncog-
nate sRNAs, versus the production rate of the sRNA.We find that
an mRNA target regulated by catalytic degradation (red) is the
most efficiently repressed by the sRNA, followed by an mRNA
regulated by coupled degradation (blue). An mRNA controlled
by sequestration (green) exhibits only moderate repression
by the sRNA. Moreover, mRNA targets that are regulated by
coupled degradation decrease the total sRNA level (dashed
blue curve). Specifically, the total sRNA level remains sup-
pressed by coupled degradation until sRNA production exceeds
the expected threshold of 7.5 copies/min/cell and then in-
creases linearly. (The threshold occurs where the sRNA produc-
tion rate/the sRNA degradation rate in the sRNA-Hfq-mRNA
complex equals the mRNA production rate/the mRNA degrada-
tion rate in the sRNA-Hfq-mRNA complex). This threshold-linear
behavior of total sRNA does not occur in the cases of regulation
by catalytic degradation or sequestration (red and green dashed
curves, respectively).
We next modeled the scenario in which competition occurs
between different mRNA targets for sRNA regulation (see Sup-
plemental Information). In our system, we have one target
mRNA (mRNA1) and one competitor mRNA (mRNA2). Our
modeling results show that coupled degradation supplies the
most efficient competition: the level of translated mRNA1 in-
creases with the production rate of mRNA2 (Figure 5B, solid
blue curve), followed by sequestration (Figure 5B, solid green
curve). Catalytic degradation provides only minimal competition
(Figure 5B, solid red curve). This result is in good qualitative
agreement with our experimental data in which luxM and luxO
mRNAs compete for Qrr regulation and luxR mRNA is nearly
incapable of competing for Qrr regulation. We also examined
the total sRNA level when we increased the production rate of
the competitor mRNA2 (Figure 5B, dashed curves). As expected,
coupled degradation results in a significant decrease in sRNA
level (Figure 5B, dashed blue curve). The increase of the total
sRNA level in the case of sequestration is due to the seques-
tering mRNA2 partially protecting the sRNA from degradation
(Figure 5B, dashed green curve).
The Different Qrr Regulatory Mechanisms Govern the
Dynamics of Target mRNA Expression
To examine the effect of different regulatory mechanisms on the
dynamics of target regulation, we modeled a situation in which
sRNA production is induced at time zero and then terminated
after 2 hr. We found that when sRNA production is induced
(Figure 6A, dashed curves), catalytic degradation and coupled
degradation provide the most rapid mRNA and protein
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Figure 6. mRNA Target Dynamics Provided
by the Different sRNA Regulatory Mecha-
nisms
(A) The levels of translated mRNA (solid curves) and
total sRNA (dashed curves) are plotted over time
based on Equations S1, S2, S3, S4, S5, and S6.
(B) The level of regulated protein is plotted over time
based on Equations S1, S2, S3, S4, S5, S6, and S9.
sRNA production is induced at time zero and is
terminated at 120 min. Three different regulatory
mechanismsare explored: catalytic degradation (red),
coupled degradation (blue), and sequestration
(green).
(C) Repression of target mRNAs following Qrr sRNA
induction. GFP fluorescence at each time-point was
normalized to mCherry fluorescence, and the rela-
tive normalized GFP levels are plotted. The results
are LuxR-GFP: red and black (control) circles,
LuxM-GFP: blue and black (control) triangles, LuxO-
GFP: green and black (control) squares. Means and
SEM from three independent cultures are shown.
See also Figure S5.response, while sequestration confers the slowest response
(Figures 6A, solid curves, and 6B; Supplemental Information).
By contrast, when sRNA production is terminated, catalytic
degradation yields the slowest recovery. As expected, seques-
tration affects the translated mRNA level but it does not affect
the total mRNA level. Catalytic degradation and coupled degra-
dation affect both mRNA translation and overall target mRNA
levels (Figure S5). In all cases, repression of mRNA is rapid
(10 min) (Figure 6A, solid curves), whereas repression of pro-
tein is slow—approaching steady state only after hours—due
to the slow dilution rate of protein (Figure 6B). These predictions
are in agreement with existing experimental data (Papenfort
et al., 2013; Vanderpool and Gottesman, 2004).
With respect to the mRNA targets studied here, the model
predicts that luxR mRNA will be the most sensitive to changes
in Qrr levels because it is controlled by catalytic degradation.
Thus, during the high-cell-density to low-cell-density transition,
when the Qrr sRNAs are produced, luxR mRNA should respondCell 160, 228–24more rapidly to changes in Qrr levels than
do luxM and luxO mRNAs. To test the pre-
dictions of the model, we constructed
three V. harveyi strains that report on
target mRNA levels by integrating a luxR,
a luxM, or a luxO 50UTR translational GFP
fusion under a constitutive promoter onto
the chromosome. We used mCherry ori-
ented in the opposite direction to
normalize for cellular protein (Long et al.,
2009). We measured GFP and mCherry
fluorescence after we induced Qrr produc-
tion by adding a quorum-sensing antago-
nist (see Experimental Procedures) (Shao
et al., 2013). Figure 6C shows that the
LuxR-GFP protein is indeed the most rapid
to respond to Qrr changes, followed by the
LuxM-GFP protein, and finally the LuxO-GFP protein. As a control, we measured LuxR-GFP, LuxM-
GFP, and LuxO-GFP levels in V. harveyi strain lacking all five
Qrr sRNAs; GFP did not significantly change following addition
of the antagonist.
The Different Qrr Regulatory Mechanisms Are Critical
for Quorum-Sensing Circuit Dynamics
Our data and model show that the particular Qrr sRNA mecha-
nism used to regulate each mRNA target dictates the level and
dynamics of the target’s expression. We expect that these dy-
namics specify the quorum-sensing response timing in vivo. To
investigate this notion, we measured the in vivo dynamical
changes of individual quorum-sensing components that
occurred in response to alterations in Qrr levels. We measured
the mRNA levels and the rates of protein synthesis (see
Extended Experimental Procedures and Table S5) of LuxR,
LuxO, LuxM, and AphA over a 90min time period following termi-
nation of Qrr production. As controls, we show that the levels of0, January 15, 2015 ª2015 Elsevier Inc. 235
Qrr1-4 decreased following autoinducer addition (Figure S6A).
Qrr5 is not produced under our experimental conditions, so we
did not measure it (Tu and Bassler, 2007). Figure 7A shows
that, following the addition of the autoinducer, luxR mRNA
increased 14-fold and the rate of LuxR protein synthesis
increased 25-fold; luxO mRNA does not change within
90 min, however, the rate of LuxO protein production increased
2-fold; luxMmRNA increased 3-fold (we were unable to detect
the LuxM protein, likely because the luxM gene is partially
deleted in this locked strain); aphA mRNA decreased 20-fold
and AphA protein synthesis decreased 4- to 6-fold. These re-
sults confirm our prediction that catalytically regulated targets
(e.g., luxR) undergo larger dynamic range changes than do tar-
gets regulated by coupled degradation (e.g., luxM). Sequestered
targets such as luxO are the most weakly regulated.
We next explored how important the specific mechanism is
for the quorum-sensing response. We altered the regulatory
mechanism by which a particular mRNA target (luxR) is
controlled and tested the effects on overall quorum-sensing
dynamics. To accompany the experiment, we modeled an inter-
nal segment of the circuit in which phosphorylated LuxO
activates the production of the Qrr sRNAs and the Qrr sRNAs
catalytically repress luxR mRNA, whereas they sequester luxO
mRNA (Figure 7B).
The subcircuit equations correspond to those used for one Qrr
with twomRNA targets (Supplemental Information), with Qrr pro-
duction assumed to be proportional to the level of phosphory-
lated LuxO. The kinetic equation for the Qrr sRNA is therefore:
d½Qrrtotal
dt
=GQrr½LuxO  P  gQrr½Qrrfree
 gQrr:mRNA0 ½Qrr : Hfq : mRNA0
 gQrr:luxO½Qrr : Hfq : luxOm
 gQrr:luxR½Qrr : Hfq : luxRm:
(Equation 1)
We added two kinetic equations for LuxO and LuxR protein:
d½LuxOp
dt
=GLuxOp ½luxOm  gLuxOp ½LuxOp (Equation 2)
d½LuxRp
dt
=GLuxRp ½luxRm  gLuxRp ½LuxRp: (Equation 3)
Using these equations, we explored three possible mechanisms
for luxR regulation: catalytic degradation, coupled degradation,
and sequestration. Our choice of parameters is based on the
RNA copy numbers we measured (Figure S7) and previous mea-
surement of LuxR protein copy number (Teng et al., 2010) (see
Supplemental Information).
In Figure 7C, we plot the prediction for LuxR protein copy
number per cell versus the phosphorylated fraction of LuxO
([LuxO  P]/[LuxO]). The ratio [LuxO  P]/[LuxO] is low in the
high-cell-density state and high in the low-cell-density state.
Within the model, the catalytic mechanism yields the most
efficient repression of LuxR protein, followed by coupled
degradation, while sequestration does not achieve the experi-
mentally observed level of LuxR repression. Can sequestration
adequately repress LuxR if we allow increased Qrr production?236 Cell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc.We found that in order to achieve 10-fold repression of LuxR,
the Qrr production rate must be increased 100-fold (Figure 7C,
black curve). Under this condition, LuxO protein is repressed at
low cell density to the unrealistically low level of fewer than five
copies per cell (Figure 7D, black curve). In effect, converting
regulation of LuxR from catalytic degradation to sequestration
would require rewiring of much of the quorum-sensing network
to achieve the same dynamics. Thus, the modeling results sug-
gest that the particular Qrr sRNA mechanisms used to regulate
specific quorum-sensing mRNA targets can be crucial for the
integrated operation of the quorum-sensing circuit.
To experimentally validate the prediction from the model, we
replaced the 50UTR of luxRwith that of luxM or luxO on the chro-
mosome of a V. harveyi strain containing only Qrr3. We note that
the levels of LuxR protein produced from the three endogenous
50UTRs are different. Different levels of LuxR feedback on
quorum-sensing circuit components would complicate our anal-
ysis (Chatterjee et al., 1996; Tu et al., 2008), thus we isolated
LuxR production from feedback by introducing a mutation in
LuxR (LuxR R17C) that eliminates DNA binding (van Kessel
et al., 2013). Figure 7E shows that luxRmRNA regulated by a cat-
alytic (red curve) or coupled degradation (blue curve) mechanism
increases from low cell density to high cell density, although
coupled degradation provides a smaller dynamic range (3.5-
fold) for luxR mRNA than catalytic degradation (10-fold). luxR
mRNA regulated by sequestration (green curve) shows no in-
crease during growth, which agrees with our prediction. Over
the course of the experiment, Qrr3 levels decrease from low
cell density to high cell density and the levels of Qrr3 in the three
strains are comparable (Figure S6B). These results show that the
regulatory mechanism used for a particular target mRNA (luxR in
this case) determines the precise timing and amplitude of the
quorum-sensing response.
DISCUSSION
sRNAs are ubiquitous regulators in bacterial genetic circuits, pri-
marily functioning to control growth rate and stress responses
(Gottesman, 2004). Several well-characterized bacterial sRNAs,
such as Spot42, RyhB, RybB, and the Qrr sRNAs each control
multiple target mRNAs (Beisel and Storz, 2011; Masse´ and Got-
tesman, 2002; Papenfort et al., 2010; Shao et al., 2013; Storz
et al., 2011). Here, we use the Qrr3 sRNA to show that a single
sRNA can regulate its different targets by distinct mechanisms.
The particular mechanism used is defined by the base-pairing
strategy the Qrr sRNA employs for the particular mRNA target.
Specifically, mRNA targets that base pair with the first stem-
loop of the Qrr sRNA cause Qrr degradation, and these targets
include both repressed (luxM) and activated (aphA) targets.
mRNA targets that base pair with the second stem-loop of the
Qrr sRNA do not cause Qrr degradation. Rather, they sequester
the Qrr sRNA if the binding is strong (luxO), and they are catalyt-
ically regulated if binding is weak (luxR). Our combined mathe-
matical modeling and experiments show that the regulatory
mechanism used determines the potency of regulation, compe-
tition capability, and the temporal dynamics of each target
mRNA. These distinct mechanisms are crucial to drive the overall
quorum-sensing circuit dynamics.
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Figure 7. Particular Qrr Regulatory Mechanisms Are Crucial for Proper Quorum-Sensing Dynamics
(A) qRT-PCR and BONCAT of luxR, luxO, luxM, and aphA following addition of AI-1 to TL25. Data were normalized to the first time-point in the RNAmeasurement.
Means and SEM from three independent cultures are shown. Relative protein synthesis rates were measured by BONCAT (Supplemental Information) and the
evidence for each quantification is provided in Table S5.
(B) Simplified quorum-sensing circuit used for mathematical modeling.
(C and D) LuxR (C) and LuxO (D) protein copy number plotted against the ratio of phosphorylated LuxO to total LuxO protein, based on Equations 1, 2, 3, S1, S2,
S3, S4, S5, and S6. In (C) and (D), luxR mRNA is regulated by catalytic degradation (red), coupled degradation (blue), or sequestration (green). The black curve
shows the case when luxR mRNA is regulated by sequestration but the Qrr production rate is increased 100-fold.
(E) qRT-PCR of luxR mRNA from luxR R17C (red), luxM 50UTR_luxR R17C (blue), and luxO 50UTR_luxR R17C (green) over growth. Data from each strain were
normalized to the first time-point (OD600 = 0.015) and plotted against OD600. Means and SEM from four independent cultures are shown.
See also Figures S6 and S7 and Table S5.
Cell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc. 237
In terms of deployment of this set of regulatory mechanisms,
we suspect that mRNA targets that require complete and imme-
diate repression will likely be regulated either catalytically or by
coupled degradation. Growth and stress response mRNAs are
good candidates for these modes of sRNA regulation (Beisel
and Storz, 2011; Masse´ and Gottesman, 2002; Vanderpool and
Gottesman, 2004). Catalytic degradation, because it does not
alter the total sRNA pool, could be the superior mode of regula-
tion when a target mRNA exists in high copy numbers and re-
quires a large dynamic range for function, or when a target
mRNA needs to be fully repressed even under conditions of
low sRNA levels. TheMicM (ChiX) target ybfM (chiP) fits this sce-
nario. ybfM (chiP) is completely silenced by MicM (ChiX) in the
absence of chitooligosaccharide inducers (Figueroa-Bossi
et al., 2009; Overgaard et al., 2009).
The coupled degradation mechanism is notable because it
provides a threshold-linear response: regulation depends on
the relative sRNA tomRNA ratio (Levine et al., 2007). Specifically,
in the low sRNA:target mRNA regime, mRNA repression is not
efficient because the sRNA is degraded following base-pairing
and this greatly reduces the sRNA pool. Thus, coupled degrada-
tion is an excellent mechanism for rapidly turning over and thus
eliminating the sRNA pool once the response is complete. Good
examples for this case include the sRNAs RyhB andMicM (ChiX)
(Figueroa-Bossi et al., 2009; Masse´ et al., 2003; Overgaard et al.,
2009; Plumbridge et al., 2014).
Sequestration is an excellent mechanism for regulation of
target mRNAs that require modulation rather than dramatic on-
off changes. In this case, the mRNA levels are not significantly
affected by sRNA regulation, which has the advantage of fine-
tuning target expression levels. One example to consider is the
sRNA Spot42 and its target galK. Spot42-directed repression
of galK by sequestration presumably fine-tunes the relative
levels of the galactose catabolism proteins for optimal carbon
utilization (Møller et al., 2002). We hypothesize that the propen-
sity for a target mRNA to sequester an sRNA depends on both
the binding strength of the sRNA-mRNA pair and the degrada-
tion rate of the target mRNA upon pairing. Strong sequestration
will occur if the target mRNA binds tightly to the sRNA but the
target mRNA is not degraded efficiently. This is the case for
the luxO-Qrr pair.
Finally, we show that the Qrr sRNA is degraded following acti-
vation of the aphAmRNA. We hypothesize that this mode of ac-
tion generates a negative feedback loop that has the advantage
of preventing overexpression of the targetmRNAwhen the sRNA
level is low. Specifically, because the sRNA is degraded during
regulation, it cannot be reused. Thus, when the sRNA:target
mRNA ratio is low, the degree of target mRNA activation is
limited by the concentration of the sRNA.
Here, we rationalize the Qrr sRNAs use of particular regulatory
mechanisms for the particular quorum-sensing target mRNAs.
First, regarding luxRmRNA: LuxR is the master quorum-sensing
regulator that, at high cell density, controls the bulk of genes in
the quorum-sensing regulon (600 genes in V. harveyi) (Ruther-
ford et al., 2011). Our measurements of luxR mRNA and LuxR
protein copy numbers indicate that luxR exists in high copy
numbers (at least 40 mRNA copies and 600 protein dimers
per cell) at high cell density, presumably due to the requirement238 Cell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc.for LuxR dimers to bind their 115 DNA promoter sites (van Kessel
et al., 2013; Teng et al., 2010). However, this high LuxR concen-
tration presents a conundrum for the cell when it needs to,
essentially instantaneously, transition to the low-cell-density
mode upon, for example, excretion from the host or exit from a
biofilm. Repression of luxRmRNA via a Qrr catalytic mechanism
should be the most effective means to rapidly decrease high
levels of LuxR protein to reset the quorum-sensing genetic pro-
gram. Regarding luxO mRNA, which is controlled by a Qrr feed-
back-sequestration mechanism: the Qrr-to-luxO feedback loop
acts as a rheostat to moderately adjust Qrr levels (Tu et al.,
2010). We argue that using sequestration to regulate luxO
mRNA prevents dramatic spikes and valleys in Qrr levels, while
simultaneously buffering LuxO protein levels from valleys and
spikes due to noise associated with fluctuations in Qrr levels.
With respect to the use of coupled degradation to regulate
luxM mRNA: we propose that the luxM mRNA and seven other
target mRNAs that are able to base-pair with SL1 of the Qrr
sRNAs (Shao et al., 2013) are exploited to control Qrr turnover
in order to set the appropriate concentration of the total Qrr
sRNA pool under different quorum-sensing states. This feature
is important for when the cells initiate the high-cell-density pro-
gram and they need to eliminate the Qrr sRNAs. Finally, as we
discussed above, activation of aphA with concomitant degrada-
tion of the Qrr sRNAs may prevent overproduction of the AphA
protein. Our finding that AphA protein production changes only
4- to 6-fold supports this hypothesis (Figure 7A). AphA fine-tunes
quorum-sensing gene expression at low cell density (van Kessel
et al., 2012). Keeping AphA levels in check may be critical for its
subtle function. Indeed, AphA feeds back to repress Qrr tran-
scription, which further guarantees tight control of AphA levels
(Rutherford et al., 2011).
We predict that the regulatory mechanisms we discovered be-
tween Qrr3 and the target mRNAs are conserved across all five
Qrr sRNAs based on their highly similar secondary structures
and sequences (Tu and Bassler, 2007). The caveat is that Qrr1
lacks nine nucleotides in the first stem-loop, which makes it un-
able to regulate certain targets, such as aphA (Shao and Bassler,
2012). The five Qrr sRNAs are expressed at different levels and
with somewhat different timing (Tu and Bassler, 2007). Thus,
how the in vivo competition occurs between all five Qrr sRNAs
and all 20 mRNA targets to provide a robust quorum-sensing
response remains to be defined. Nonetheless, embedding the
capacity for multiple regulatory mechanisms into a single sRNA
is an evolutionarily economical method to endow a biological cir-
cuit with diverse dynamic behaviors. The principles underpinning
the regulatory mechanisms we discovered here could be em-
ployed by other natural systems or to engineer synthetic sRNAs
with numerous functions.
EXPERIMENTAL PROCEDURES
Strains, plasmids, and oligonucleotides used in this study are listed in Tables
S1, S2, and S3. Detailed protocols are described in Extended Experimental
Procedures.
Competition Assay
Overnight cultures (Table S1) were diluted 1,000-fold into fresh M9 minimal
medium containing 0.5% glycerol, appropriate antibiotics, 0.2 mM IPTG,
0 or 3 ng ml1 anhydrotetracycline (aTc; Clontech), and varying amounts of
arabinose. GFP and mCherry fluorescence were measured following 10 hr of
growth using fluorescence-activated cell sorting (FACS) (BD Biosciences
FACSAria cell sorter).
RNA Expression and Half-Life
Qrr3 and target mRNAs were induced for 10 hr and measured by Northern blot
to determine expression. Rifampicin (250 mg ml1) was added to stop tran-
scription followed by collection of RNA at different time points to determine
half-life.
V. harveyi GFP Assay
Overnight cultures of V. harveyi strains LF1838, LF1845, LF1848, LF2328,
LF2332, and LF2335 were diluted to OD600 = 0.0002 into fresh AB medium
containing 1 mM AI-1 and grown for 6.5 hr. 3-oxo-C12-HSL (100 mM; Sigma)
(LuxN/AI-1 antagonist) was added to cultures. GFP and mCherry fluorescence
were measured every 40 min thereafter using FACS.
Quantitative RT-PCR of luxR mRNA
Overnight cultures of V. harveyi strains LF2269, LF2246, and LF2254 were
diluted into fresh LM medium to OD600 = 0.005 and grown for 6 hr to
OD600 = 2.0. Cultures were diluted again into fresh LM medium to OD600 =
0.005. Total RNA was collected at 45, 90, 135, 180, and 345 min after the dilu-
tion. Total RNA (4 mg) was used for cDNA synthesis and quantitative RT-PCR
(qRT-PCR) was performed as described in Supplemental Information.
qRT-PCR and Proteomics
Overnight cultures of V. harveyi strain TL25 were diluted 1:1,000-fold into fresh
LM medium and grown to mid-log phase. Cultures were divided in half, and
one aliquot was treated with 10 mM AI-1. Total RNA was collected from both
samples at 0, 10, 20, 30, 40, 50, 60, and 90 min thereafter. Total RNA (4 mg)
was used for cDNA synthesis and qRT-PCR was performed as described
in Supplemental Information. Proteomics was performed as described in
Supplemental Information.
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Supplemental Information
EXTENDED EXPERIMENTAL PROCEDURES
Bacterial Strains and Growth Conditions
E. coli strains S17-1lpir (de Lorenzo and Timmis, 1994), DH10B (Invitrogen), BW-RI (Levine et al., 2007), and derivatives were grown
aerobically in LB medium or in M9 minimal medium (0.5% glucose or 0.5% glycerol) at 37C. All V. harveyi strains were derived
from V. harveyi BB120 (BAA-1116) (Bassler et al., 1997) and grown aerobically at 30C in either Luria-Marine (LM) broth or Autoin-
ducer Bioassay (AB) broth. Antibiotics (Sigma-Aldrich) were used at the following concentrations: 50 U ml-1 polymyxin B (Pb),
100 mg ml-1 ampicillin (Amp), 100 mg ml-1 kanamycin (Kan), 10 mg ml-1 chloramphenicol (Cm), and 60 mg ml-1 spectinomycin
(Spec). Plasmids were introduced into electrocompetent E. coli S17-1lpir, DH10B, and BW-RI using 0.1 cm gap cuvettes (USA
Scientific) and a Bio-Rad MicroPulser. Lists of strains and plasmids used in this study are provided in Tables S1 and S2.
DNA Manipulations and Strain Construction
E. coli S17-1lpir was used for regular cloning and strain DH10B was used for constructing plasmids containing point mutations, dele-
tions, and insertions. DNA manipulations were performed as in Sambrook et al. (1989). iProof DNA polymerase (Bio-Rad) was used for
regular PCR reactions, and pfu Ultra DNA polymerase (Agilent) was used for constructing point mutations, deletions, and insertions.
Restriction enzymes, T4 DNA ligase, T4 polynucleotide kinase, and Antarctic phosphatase were purchased fromNewEngland Biolabs.
Primersare listed inTableS3andcame fromIntegratedDNATechnologies (IDT).All plasmidswereconfirmedbysequencingatGenewiz.
The 50UTRs of luxR, luxO, luxM, and aphA (see primers in Table S3) were blunt cloned under the PLlac-O1 promoter of plasmid
pZE12G (Levine et al., 2007), generating pLF128, pLF129, pLF254, pLF255, respectively.
The Amp resistance gene from pBAD myc/His A (Invitrogen) was replaced with the Kan resistance gene using primers LF161-
LF164 (Table S3), generating pBADmyc/His A-Kan. ThemCherry gene was cloned downstream of the pBAD promoter and the ribo-
some binding site (control RBS) of pBADmyc/His A-Kan using primers LF173-LF176 (Table S3), yielding pLF343. The 50UTRs of luxM,
luxO, luxR, or aphA were blunt cloned under the pBAD promoter of pLF343. The araC-pBAD-target2 (including control RBS, luxM
50UTR, luxO 50UTR, luxR 50UTR or aphA 50UTR)-mCherry sequences were transferred to pLF128 using primers LF199, LF200,
LF206, and LF207, yielding pLF518, pLF521, pLF523, pLF519, and pLF1481. Similar methods were used to generate pZE12G-
luxO-gfp-target2-mCherry fusions. The stop codon in mCherry was introduced using primers LF215 and LF216, generating
pLF507 and pLF537, respectively. The araC-pBAD-target2 (including luxR 50UTR and luxM 50UTR)-mCherry* sequences were trans-
ferred to pLF128 to generate pLF2336 and pLF2338, respectively.
ThemCherry gene was deleted from pZE12G-luxO-gfp-luxM-mCherry and pZE12G-luxO-gfp-luxR-mCherry using primers LF993-
LF995 to generate pZE12G-luxO-gfp-luxMminiRNA and pZE12G-luxO-gfp-luxRminiRNA, respectively. Mutations in luxMminiRNA
(changing UUGACCC (8 to2 relative to the translation start site) to GUCUGGG and changing CAUAAA (24 to19 relative to the
translation start site) to GUCAG) and luxRminiRNA (changing AAAAA (10 to6 relative to the translation start site) to UGACCC and
deleting CAACUCA (27 to 21 relative to the translation start site)) were introduced using primers listed in Table S3, generating
pZE12G-luxO-gfp-luxM SL1,2 to SL2 miniRNA and pZE12G-luxO-gfp-luxR SL2 to SL1,2 miniRNA, respectively. The mCherry gene was
subsequently reintroduced into these two plasmids using primers LF1107-LF1111, yielding pZE12G-luxO-gfp-luxM SL1,2 to SL2-
mCherry and pZE12G-luxO-gfp-luxR SL2 to SL1,2-mCherry, respectively.
The araC-pBAD-target2 (including luxM miniRNA, luxR miniRNA, luxM SL1,2 to SL2 miniRNA, luxR SL2 to SL1,2 miniRNA,
luxM SL1,2 to SL2-mCherry or luxR SL2 to SL1,2-mCherry) sequences were transferred to pLF128 in similar ways as described above,
generating pLF2197, pLF2199, pLF2200, pLF2202, pLF2204, and pLF2205, respectively. The luxRbinding mutation was introduced
to pLF507 using primers LF1186, LF1187, yielding pLF2207.
The PLlac-O1-target (luxR, luxO, luxM)-gfp fusion sequences from pLF128, pLF129 and pLF254, respectively, together with a Cm
resistance marker were integrated between the l terminator and themoeB gene on pTL83 (Long et al., 2009) using l red recombin-
eering in E. coli (Datsenko and Wanner, 2000). These steps generated pLF1825, pLF1826 and pLF1824, respectively.
The luxRR17Cmutation was introduced onto a pLAFR2 cosmid containing a genomic fragment harboring luxR from V. harveyi by l
red recombineering in E. coli (Datsenko andWanner, 2000). This procedure yielded pLF2238. The 50 UTRs of luxM and luxO (from the
transcriptional start sites to1 relative to the translational start sites) were fused to the luxR gene containing the R17C mutation and
integrated onto the same cosmid, yielding pLF2236 and pLF2232, respectively.
V. harveyimutants were generated by conjugation with E. coli carrying the pLAFR cosmids. Mutant alleles were incorporated onto
the V. harveyi genome by homologous recombination (Bassler et al., 1993). Antibiotic markers were removed using FLP-mediated
recombination (Long et al., 2009).
qRT-PCR Analysis
Repression of luxR-mCherry*
Overnight cultures of LF514 were diluted 1,000-fold into fresh M9 minimal medium containing 0.5% glycerol, appropriate antibiotics,
0.2mMIPTG,0or3ngml-1 anhydrotetracycline (aTc;Clontech) andvaryingamountsofarabinose.RNAwas isolatedafter 10hrofgrowth.
Expression Level of the Competitor mRNAs
Overnight cultures of E. coli strains (Table S1) were diluted 1,000-fold into freshM9minimal medium containing 0.5%glycerol, appro-
priate antibiotics, and 0.2% arabinose. RNA was isolated after 10 hr of growth.Cell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc. S1
RNAwas isolated following the protocol from the QIAgen RNeasyMinikit with RNAprotect (QIAGEN). 100 ng of total RNAwas used
for cDNA synthesis. cDNA was synthesized using SuperScript III reverse transcriptase (Invitrogen). Real-time PCR analyses were
performed as described (Tu and Bassler, 2007) on an ABI Prism 7900HT Sequence Detection System using the Sybr Green mix
(ABI). 5S rRNA was used as the internal control. The primers used for qRT-PCR are listed in Table S3.
Northern Blot Analysis
Qrr3 Production and Half-Life
Overnight cultureswerediluted toOD600=0.02 inM9minimalmediumcontaining0.5%glycerol, appropriateantibiotics,3ngml
-1 (1.5ng
ml-1 for Figure S3F) aTc, and 0.2%arabinose. Tomeasure the qrr3 expression, total RNAwas isolated after 10 hr of growth. Tomeasure
the Qrr3 half-life, 250 mg ml-1 rifampicin was added to stop transcription followed by collection of culture at different time points.
Target Expression Level
Overnight cultures were diluted 1:1,000-fold in M9 minimal medium containing 0.5% glucose, appropriate antibiotics, 0.5 mM IPTG,
0 or 6.25 ng ml-1 aTc. Total RNA was isolated when the OD600 reached 0.2 (approximately 10 hr).
miniRNA Expression Level
Overnight cultures of E. coli strains LF2176, LF2179, LF2182, LF2185 were diluted to OD600 = 0.02 in M9minimal medium containing
0.5% glycerol, appropriate antibiotics, and 0.2% arabinose. Total RNA was isolated after 8 hr of growth. miniRNAs were detected
using 50 end-32P-labeled oligonucleotide probes (Table S3 LF1113).
Qrr3 Half-Life in V. harveyi
Overnight cultures of V. harveyi strain KT282 harboring a plasmid with an arabinose-inducible qrr3, qrr3 SL1mut or qrr3 SL1restore were
diluted 1:1,000 in fresh LMmedium with 0.2% arabinose. 250 mg ml-1 rifampicin was added to terminate transcription when the cells
had reached OD600 = 1.0. Aliquots of the culture were collected at different times thereafter.
Total RNA was isolated using phenol/chloroform extraction. Northern blots were carried out as previously described (Shao et al.,
2013; Urban and Vogel, 2007). 5 mg of total RNA was resolved on 6% (for Qrr and miniRNA detection) or 5% (for target-gfp mRNA
detection) polyacrylamide gels (7 M urea) followed by transfer to Hybond-XL membranes (GE Healthcare). Riboprobes were used for
Qrr3 and target-gfp mRNA detection. A 50 end-labeled DNA probe was used for miniRNA and 5S RNA detection. Membranes were
hybridized with Riboprobes at 68C andwashed in three steps with SSCwash buffers (2X, 1X, 0.5X, respectively) supplemented with
0.1% SDS. Membranes were hybridized with DNA probe at 42C and washed in three steps with SSC wash buffers (5X, 1X, 0.5X,
respectively) supplemented with 0.1% SDS. Blots were exposed to a PhosphorImager screen (GE Healthcare), scanned with
Typhoon 9410 (GE Healthcare), and band intensities were quantified with Image J (http://imagej.nih.gov/ij/). Riboprobes were syn-
thesized using 32P-a-UTP following the MAXIscript kit (Ambion) protocol. The 50 end-labeled DNA probe was synthesized using T4
polynucleotide kinase in the presence of 32P-g-ATP.
Primer Extension
Primer extension experimentswere performedasdescribed (Fro¨hlich et al., 2013). Briefly, 10mgof total RNAwasdenatured in the pres-
ence of 1 pmol 50 end-labeled primer (KPO-0913) at 70C for 5 min and chilled on ice for 5 min. Next, 5 ml of reaction mix (3 ml 5X first
strand buffer, 5 mMDTT, 0.5mMeach dATP, dGTP, dCTP and dTTP) was combinedwith the samples at 42C, and 1 ml SuperScript III
(200 U) was added. cDNA synthesis was performed at 50C for 60 min, followed by incubation at 70C for 15 min to inactivate the
enzyme. Samples were treatedwith RNaseH (1 ml; 2.5 U) for 15 min at 37C and reactionswere stopped by phenol/chloroform extrac-
tion. Samples were separated using electrophoresis on 6%–8% sequencing gels together with a template-specific cDNA ladder.
Proteomics
Relative rates of protein synthesis were measured by combining bio-orthogonal non-canonical amino acid tagging (BONCAT) and
stable isotope labeling with amino acids in cell culture (SILAC) (Bagert et al., 2014). TL25 cultures were grown in ABmedium supple-
mented either with standard ‘‘light’’ lysine or with ‘‘heavy’’ lysine (13C6, 99%; 15N2, 99%, Cambridge Isotope Laboratories, Inc.).
Upon reaching mid-exponential phase (i.e., after approximately 5 cell doublings), one of the cultures was treated with 10 mM AI-1
(t = 0 min). Rates of protein synthesis were measured over 90 min, with each 10 min period analyzed in a separate experiment per-
formed in triplicate. Newly synthesized proteins from each 10 min period were labeled by treating both light and heavy cultures with
1 mM azidohomoalanine (Aha), an analog of methionine. Protein synthesis was terminated 10 min after Aha addition by treating with
chloramphenicol (Sigma-Aldrich) at a concentration of 100 mgml-1. Lysates from paired light and heavy SILAC cultures weremixed at
equal concentrations of total protein. Aha-labeled proteins were conjugated to an acid-cleavable alkyne-biotin probe and purified
with Streptavidin Plus UltraLink Resin (Thermo Scientific) (Szychowski et al., 2010). Purified proteins were separated by gel electro-
phoresis in NuPAGE 4%–12% Bis-Tris Protein Gels (Life Technologies), digested in-gel with LysC (Mako), extracted, and desalted
with custom-packed C18 columns. Peptides were separated on an EASY-nLC (Thermo Scientific) in line with a nano-electrospray ion
source and detected with a hybrid LTQ-Orbitrap (Thermo Scientific). Thermo RAW files were processed with MaxQuant (v. 1.4.1.2).
RNA Copy Number Measurement
Overnight cultures of V. harveyi strains TL25, LF1451, JS202 and JAF78 (Table S1) were diluted to OD600 = 0.001 in fresh LMmedium
and grown for 6 hr to OD600 = 1.5. Total RNA was isolated by following the protocol from the QIAgen RNeasy Minikit with RNAprotectS2 Cell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc.
(QIAGEN). Serial dilutions of TL25 cells were plated on LMagar plates and grown in a 30C incubator. CFUwere counted the following
day and the number of cells collected for RNA isolation was calculated.
DNA templates for qrr1, qrr2, qrr3, qrr4, luxR and luxO were generated using primers listed in Table S3. RNA was synthesized
in vitro using the MEGAshortscript T7 kit (Ambion) (for Qrr1, Qrr2, Qrr3, Qrr4) or MEGAscript T7 kit (Ambion) (for luxR and luxO).
In vitro transcribed RNAs were purified from 8% (for Qrr1, Qrr2, Qrr3, Qrr4) or 4.5% (for luxR and luxO) polyacrylamide gels (7 M
urea) using the phenol/chloroform extraction method. RNAs were quantified using a Nanodrop (Thermo). For each RNA species,
three independent in vitro transcription reactions were performed. Three independent RNA standards were generated for each
RNA by adding 1012, 1011, 1010, 109, 108, 107, 106, 105 copies of in vitro transcribed RNA to 4 mg of the background RNA. For
Qrr2, Qrr3, Qrr4, the background RNA used was the total RNA isolated from LF1451. For Qrr1 and luxR, the background RNA
used was the total RNA isolated from JS202. For luxO, the background RNA used was the total RNA isolated from JAF78. 4 mg of
total RNA from the RNA standards and from the TL25 RNA sample was used for cDNA synthesis. qRT-PCR was performed as
described earlier. (Note: This method does not account for the loss of RNA during isolation, thus the copy number of each RNA spe-
cies should be higher thanwhat’s measured here. However, for our modeling purpose, only the Qrr sRNA: target mRNA ratiomatters,
thus our results can still be used.)
Supplemental Information for Modeling
We begin by considering a particular cognate sRNA-mRNA pair competing for Hfq binding against a background of other cellular
sRNAs and mRNAs. This situation is represented by Equations S1 and S2 below:
½sRNAi: Hfq : mRNAj= ½Hfqtotal
½sRNAifree½mRNAjfree

Ki;jP
i
0
j
0 ½sRNAi0 free
h
mRNAj0
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(Equation S1)
½Hfqtotal =
X
i;j
½sRNAi : Hfq : mRNAj: (Equation S2)
The kinetic equations for each sRNA and mRNA species are:
d½sRNAi
dt
=GsRNAi  gsi½sRNAifree 
X
j
gEsi;j½sRNAi: Hfq : mRNAj (Equation S3)
d½mRNAj
dt
=GmRNAj  gj½mRNAjfree 
X
i
gEi;j½sRNAi: Hfq : mRNAj: (Equation S4)
The total concentrations of sRNAi and mRNAj are thus given by:
½sRNAi= ½sRNAifree +
X
j
½sRNAi: Hfq : mRNAj (Equation S5)
½mRNAj= ½mRNAjfree +
X
i
½sRNAi: Hfq : mRNAj: (Equation S6)
In Equation S1, the concentration of a particular sRNA-mRNA pair complexed with Hfq is given by the total concentration of Hfq
times the fraction bound by that pair. Since we assume different sRNA-mRNA pairs compete for Hfq binding, the fraction of Hfq
bound to a particular pair, sRNAi-mRNAj, is given by the concentration of free sRNAi times the concentration of free mRNAj divided
by the dissociation constant of the pair sRNAi-mRNAj from Hfq, and normalized by the sum in the denominator so as to yield Hfq
saturation.
In Equations S3 and S4,GsRNAi andGmRNAj are the production rates of sRNAi andmRNAj. gsi and gj are the degradation rates of free
sRNAi and mRNAj, and g
E
si;j and g
E
i;j are the degradation rates of sRNAi and mRNAjwhen each is bound to Hfq together with mRNAj or
sRNAi.
Model for One Qrr sRNA Regulating One mRNA Target
We first modeled the scenario in which one Qrr sRNA regulates one mRNA target. We use sRNA0 and mRNA0 to represent all the
cellular sRNAs and mRNAs that bind to and compete for Hfq. sRNA1 represents the Qrr sRNA and mRNA1 represents the target
mRNA. The resulting kinetic equations are:
d½mRNAj
dt
=GmRNAj  gj½mRNAjfree  gE0;j½sRNA0: Hfq : mRNAj  gE1;j½sRNA1: Hfq : mRNAj ðj = 0;1Þ (Equation S7)Cell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc. S3
d½sRNAi
dt
=GsRNAi  gsi½sRNAifree  gEsi;0½sRNAi: Hfq : mRNA0  gEsi;1½sRNAi: Hfq : mRNA1 ði = 0;1Þ: (Equation S8)
The total concentration of mRNA0 [mRNA0] is given by the sum of the concentration of free mRNA0 species [mRNA0]free, the concen-
tration of mRNA0 bound to Hfq with sRNA0 [sRNA0: Hfq: mRNA0] and the concentration of mRNA0 bound to Hfq with sRNA1 [sRNA1:
Hfq: mRNA0] (Equation S6). Similar equations apply to mRNA1, sRNA0, and sRNA1. The total concentration of Hfq protein is given by
Equation S2 and the concentration of each specific sRNAi:Hfq:mRNAj complex is given by Equation S1.
We assume that the total concentrations of sRNAs and mRNAs in a cell are much larger than those of the Qrr sRNAs and its target
mRNAs, thusHfq ismainly saturated by other cellular sRNAs andmRNAs. In this limit, the denominator in Equation S1 can be approx-
imated as [sRNA0][mRNA0]/K0,0. At steady state, the kinetic Equations S7 and S8 must equal zero, and we analytically solved the
resulting quadratic equation.
Our aim is to use the above equations to understand, at a qualitative level, how the different regulatory mechanisms affect sRNA
regulatory efficacy. The parameters that dictate the specific regulatory mechanism are the degradation rates of sRNA and mRNA
when they are in complex with Hfq (gES1;1 and g
E
1;1). Therefore, we keep the rest of the parameters constant. For simplicity, we assume
that mRNA binding to Hfq with a non-cognate sRNA does not affect the degradation rate of the mRNA, thus gE0;0, g
E
1;0 and g
E
0;1 are set
to the degradation rate of the free mRNA, g0 or g1. The half-life of the target mRNAs are 4-8 min (unpublished data), we chose g0 and
g1 to be 0.25min
-1. The half-life of Qrr sRNA in anHfqmutant strain is about 5min (unpublished data), sowe chose gS1 to be 0.2min
-1.
In the absence of Qrr targets, the half-life of the Qrr sRNA in a wild-type strain is over 32 min, so we set gES1;0 to be 0.03 min
-1. These
parameter choices are consistent with the observation that Hfq protects the Qrr sRNAs from degradation (Lenz et al., 2004; unpub-
lished data). For mRNA targets that are regulated by coupled degradation, the degradation rates of both the sRNA and the mRNA
should be much larger when in a cognate sRNA-Hfq-mRNA complex than when free. Here we assume 100-fold faster degradation
of sRNAwhen in the sRNA-Hfq-mRNA complex (gES1;1 = 3min
-1) and 16-fold faster degradation ofmRNAwhen in the complex (gE1;1 = 4
min-1). FormRNA targets that are regulated by catalytic degradation, the degradation rate of themRNA in the sRNA-Hfq-mRNA com-
plex gE1;1 should also be much larger than that of the free mRNA, g1, so we set g
E
1;1 to be 4 min
-1. The degradation rate of the sRNA in
the sRNA-Hfq-mRNA complex should not be affected, thus gES1;1 remains at 0.03 min
-1. For mRNA targets that are regulated by
sequestration, the degradation rates of both the mRNA and the sRNA should be the same when in the sRNA-Hfq-mRNA complex
as when free, thus gE1;1 is 0.25min
-1 and gES1;1 is 0.03min
-1.Kd values for all nonspecific sRNA andmRNA pairs were set to be 1, which
defines our unit of concentration. We assume a 100-fold higher binding energy, thus 100-fold smaller dissociation constant K1,1 from
Hfq, for the Qrr sRNA and its target mRNA compared to any other pairs. Hfq concentrations in E. coli are estimated to range from 400
to 10,000 hexamers per cell (Ali Azam et al., 1999; Carmichael et al., 1975; Kajitani et al., 1994). We chose the total concentration of
Hfq to be 10,000 complexes per cell, though for qualitative comparison of the regulatory mechanisms this choice was arbitrary. The
total concentrations of sRNA0 and mRNA0 were then set to be 10,000 per cell to satisfy the assumption that Hfq is saturated by
cellular sRNAs and mRNAs. The copy number of Qrr mRNA targets should be much smaller compared to cellular mRNAs, thus
the production rate of the Qrr mRNA target was chosen to be 10 copies/min/cell. The production rate of Qrr sRNA ranges from
0 (no Qrr) to 100 copies/min/cell (Qrr in excess compared to mRNA targets). We plotted the level of the translated mRNA and the
level of total Qrr sRNA versus the production rate of the sRNA in Figure 5.
We next used Equations S7, S8, and S9, the kinetic equation for protein production, to study how different regulatory mechanisms
affect the target dynamics during sRNA regulation. We examined the situation in which sRNA production was induced at time zero
and terminated after two hours. The parameters are the same as we used to study regulatory efficacy above except we chose the
production rate of Qrr sRNA to be 20 copies/min/cell. We assume the proteins are stable in the cell, thus the half-lives of the proteins
are set by the dilution rate due to cell division. The doubling time ofV. harveyi in LM is 40min, thus the degradation rate of the protein is
ln2/40 min-1 = 0.0075 min-1. The initial conditions are: free Qrr: 0 copies per cell, free mRNA1: 20 copies per cell, protein: 100 copies
per cell. The production rate of the protein is chosen to agree with the initial protein copy number.
d½Protein
dt
=Gp
½mRNA1free + ½sRNA0: Hfq : mRNA1
 gp½Protein: (Equation S9)
Model for Competition between Two mRNA Targets
To explore how thedifferent regulatorymechanismsaffect the competition for sRNA regulation,weusedEquationsS1, S2, S3, S4, S5,
and S6 tomodel the situation in which one sRNA regulates twomRNA targets. In our system, we have one target mRNA (mRNA1) and
one competitor mRNA (mRNA2). We chose the target mRNA1 to be regulated by a catalytic mechanism and the competitor mRNA2 to
be regulated either by sequestration, coupled degradation, or catalytic degradation. The equations are identical to those in the pre-
vious section except we added one mRNA species to the system. We solved the resulting cubic equation numerically using Matlab.
The degradation rates of the various mRNAs and sRNAs and the dissociation constants for the competitor mRNA2:Hfq:sRNA1
complexes are given in Table S4. The dissociation constant of the target mRNA1:Hfq:sRNA1 was set to be 0.1. We chose the pro-
duction rate of the target mRNA ðGmRNA1 Þ to be 10 copies/min/cell and the production rate of sRNA ðGsRNA1 Þ to be 50 copies/min/
cell. We subsequently varied the production rate of the competitor mRNA ðGmRNA2Þ from 0 to 500 copies/min/cell. We plotted theS4 Cell 160, 228–240, January 15, 2015 ª2015 Elsevier Inc.
translated mRNA1 level versus the production rate of mRNA2 (Figure 5B). Our result shows that coupled degradation gives the most
efficient competition: the level of translated mRNA1 increases with the production rate of the competitor mRNA2 and saturates when
GmRNA2 reaches approximately 150 copies/min/cell. Sequestration also leads to competition, but to a much lesser extent: the level of
translatedmRNA1 also increases with the production rate of the competitor mRNA2 but does not saturate even whenGmRNA2 reaches
500 copies/min/cell. Catalytic degradation barely competes.
Parameters for Conceptual Model of the V. harveyi QS Circuit
In Figure S7, we report measurements of the copy number of Qrr1-4, luxRmRNA, and luxOmRNA in strain locked in low-cell-density
mode (Extended Experimental Procedures). We did not measure the copy number of Qrr5 since it is not functional in vivo (Tu and
Bassler, 2007). From previous measurements, luxR mRNA level increases more than 10-fold (van Kessel et al., 2012) and luxO
mRNA does not significantly change from low cell density to high cell density (Tu et al., 2010). Thus, the copy number of luxR
mRNA at high cell density should be at least 4.43 10 = 44 copies/cell. luxOmRNA should remain at 1.3 copies/cell at high cell den-
sity. For convenience, we chose 60 copies/cell for luxR mRNA and 2 copies/cell for luxO mRNA.
We used the following parameters: The degradation rates of free luxR and luxOmRNA gRm and gOm are 0.25min
-1 (Table S4). Since
the luxOmRNA copy number is 2 copies per cell, the production rate of luxOmRNA GOm is thus 23 0.25 = 0.5 copies/min. The luxR
mRNA copy number is 60 copies per cell, thus the production rate of luxRmRNA GRm is 603 0.25 = 15 copies/min. We assume the
LuxR and LuxO proteins are stable in the cell, thus the half-lives of the LuxR and LuxO proteins are set by the dilution rate due to cell
division. The doubling time of V. harveyi in LM is 40 min, thus the degradation rates of LuxR and LuxO proteins gRp and gOp are ln2 /
40 min-1 = 0.0075 min-1. Based on previous measurements, the LuxR protein copy number is about 600 dimers per cell at high cell
density (Teng et al., 2010). We chose 1,000 copies per cell for simplicity, thus the production rate of LuxR proteinGRp is 1,0003 (1n2 /
40) / 60 = 0.29min-1.We do not know the copy number of LuxO protein inside the cell. We arbitrarily chose LuxO protein copy number
to be 100 copies per cell, so the production rate GOp is 1003 (1n2 / 40) / 2 = 0.87 min
-1. The degradation rate of free Qrr sRNA gQrr is
0.2 min-1 as shown in Table S4. The Qrr sRNA copy number is 1,000 copies per cell based on our measurement (Figure S7). Thus, the
production rate of Qrr sRNA, GQrr, is the copy number of Qrr 3 degradation rate of free Qrr / the copy number of phosphorylated
LuxO, so GQrr = 1,0003 0.2 / 100 = 2 min
-1. We take the dissociation constant for the Qrr-luxO pair from Hfq to be KQO = 0.01. Since
the binding energy of luxR to Qrr is weaker than that of luxO to Qrr (Figure 3A), we chose the dissociation constant for a Qrr-luxR pair
from Hfq to be KQR = 0.02. Since luxO is regulated by sequestration, the degradation rate of luxOmRNA when bound to Qrr and Hfq
gEQO is still 0.25 min
-1 and the degradation rate of Qrr when bound to luxO and Hfq gESQO is 0.03 min
-1 (Table S4). We examined three
possiblemechanisms for luxR regulation: catalytic, coupled degradation, and sequestration. The parameters for the degradation rate
of luxRmRNA when bound to Qrr sRNA and Hfq gEQR and the degradation rate of the Qrr sRNA when bound to luxRmRNA and Hfq
gESQR for different mechanisms are the same as g
E
1;1 and g
E
S1;1 in Table S4.
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Figure S1. Regulation of Target mRNAs by Qrr3, Related to Figure 2
(A) Schematic of the competition assay.
(B, E, H, and K) Fluorescence was measured from LuxM-mCherry (B), LuxO-mCherry (E), AphA-mCherry (K) and mRNA was measured from luxR-mCherry* (H) in
the absence (open circles) and in the presence (filled circles) of Qrr3. Means and SEMs for triplicate cultures are shown. In (H), data were normalized to that from
0 arabinose in the absence of Qrr3.
(C, F, I, and L) mCherry fluorescence or mRNAmeasured in the presence of Qrr3 was normalized to that in its absence under the arabinose concentrations shown
in (B), (E), (H), and (K), respectively. Means and SEMs for triplicate cultures are shown.
(D, G, J, and M) Fluorescence from LuxM-GFP (D), LuxO-GFP (G), LuxR-GFP (J), and AphA-GFP (M) translational fusions was measured in the absence (0 aTc)
and in the presence (6.25 ng/ml aTc) of Qrr3. Means and SEMs for triplicate cultures are shown.
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Figure S2. Control for the Competition Assay, Related to Figure 2
(A and B) Competition for Qrr3 regulation by luxM-mCherry mRNA against luxO-gfp (A) or luxM-gfp (B). Normalization as in Figure 2.
(C, E, and G) Fluorescence from plasmid-borne luxR-gfp (C and G) or luxO-gfp (E) was measured in E. coli. Arabinose was used to drive different levels of
production of the competitor mRNA luxR-mCherry* (C) or luxM-mCherry* (E and G). Experiments were performed in the absence (open circles) and in the
presence (filled circles) of Qrr3. Means and SEMs for triplicate cultures are shown.
(D, F, and H) Quantification of the fractional expression of LuxR-GFP (D and H) or LuxO-GFP (F) from (C), (G), and (E), respectively. GFP fluorescence in the
presence of Qrr3 was normalized to that in its absence. Means and SEMs for triplicate cultures are shown.
(I) qRT-PCR of competitor mRNA levels. The letter in parentheses denotes the target mRNA (‘O’ for luxO and ‘R’ for luxR) that is harbored on the same plasmid as
the competitor mRNA. Data were normalized to that from luxM-mCherry. Means and SEMs of three independent cultures are shown.
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Figure S3. Target mRNAs Differentially Affect Qrr3 Levels, Related to Figures 2 and 3
(A, C, D, E, and F) Northern blots showing Qrr3 levels in the presence of a vector control and in the presence of a plasmid expressing arabinose inducible luxM-
mCherry (A), luxO-mCherry (C), luxR-mCherry (D), and aphA-mCherry (E and F). Lower levels of Qrr3 were induced in (F) compared to (E) (see Extended
Experimental Procedures).
(B) Northern blot showing the Qrr3 half-life in the absence of target mRNAs. Results are representative of two independent experiments.
(G) Half-lives of plasmid-encoded V. harveyiWTQrr3 (pLF898), the SL1 disrupted Qrr3 mutant (Qrr3 SL1mut, pLF2360), and the corresponding SL1 restored Qrr3
mutant (Qrr3 SL1restore, pLF2378) were measured in V. harveyi strain KT282 by Northern analysis.
(H) Northern blot showing Qrr3 levels following induction of luxM-mCherry or luxR-mCherrymRNAwith 0.2% arabinose at OD600 = 0.2. Results are representative
of two independent experiments.
(I) Primer extension analysis showing the processing sites of the Qrr3 sRNA following induction of luxM-mCherry mRNA.
(J) Northern blot showing the Qrr3mut sRNA half-life.
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Figure S4. The miniRNAs Are Expressed and Regulated by Qrr3, Related to Figure 3
(A) Northern blots showing levels of the luxRminiRNA and the luxRSL2 to SL1,2 miniRNA. The contrast for the luxRSL2 to SL1,2miniRNA signal was increased (right side
of the miniRNA lane relative to that on the left side) in order to show its expression.
(B) Qrr3 regulation of luxR and luxRSL2 to SL1,2. Fluorescence was measured from luxR-mCherry (open circles) and luxRSL2 to SL1,2-mCherry (filled circles)
translational fusions in the presence of the designated concentrations of anhydrotetracycline (aTc). aTc was used to induce Qrr3 expression from a plasmid. Data
were normalized to that of the no aTc control. Means and SEMs for three cultures are shown.
(C) Northern blots showing levels of luxM miniRNA and luxMSL1,2 to SL2 miniRNA.
(D) Qrr3 regulation of luxM and luxMSL1,2 to SL2. Fluorescence was measured from luxM-mCherry (open circles) and luxMSL1,2 to SL2-mCherry (filled circles)
translational fusions as in (B). Means and SEMs of three cultures are shown.
(E) Northern blot showing Qrr3 levels in the presence of the control, the luxMSL1,2 to SL2-mCherry mRNA or the luxRSL2 to SL1,2 -mCherry mRNA.
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Figure S5. Dynamical Simulations for Total mRNA Levels when Different sRNA Regulatory Mechanisms Are Used, Related to Figure 6
The level of total mRNA is plotted over time based on Equations S1, S2, S3, S4, S5, and S6. sRNA production is induced at time zero and is terminated at 120min.
Three different regulatory mechanisms are shown: catalytic degradation (red), coupled degradation (blue), and sequestration (green).
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Figure S6. Particular Qrr Regulatory Mechanisms Are Crucial for Proper Quorum-Sensing Dynamics, Related to Figure 7
(A) Qrr1-4 were measured by qRT-PCR in V. harveyi strain TL25 following the addition of the autoinducer AI-1.
(B) Qrr3 was measured by qRT-PCR from V. harveyi strain LF2269 (Qrr3 only, luxR R17C) (red), LF2246 (Qrr3 only, luxM 50UTR_luxR R17C) (blue), and LF2254
(Qrr3 only, luxO 50UTR_luxR R17C) (green) as in Figure 7E. Data were normalized to the first 45 min time-point (OD600 = 0.015) of LF2246. Means and SEMs from
four independent cultures are shown.
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Figure S7. Copy Numbers of Qrr sRNAs and Target mRNAs in V. harveyi, Related to Figure 7
Copy numbers of Qrr1-4, luxR mRNA, and luxO mRNA in V. harveyi strain TL25 (a strain locked in low-cell-density mode) were measured as described in
Extended Experimental Procedures. Means and SEMs from three independent cultures are shown.
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